
Objectives & Background: 

Structural Impedance Matching (SIM) has its origins at MIT and arises by 
viewing the structure as a connection of vibrational waveguides along which 
energy propagates. At discontinuities in the structure, this energy scatters 
(i.e., gets reflected, transmitted, or absorbed). Waves that return in a manner 
that creates a constructive interference will correspond to resonances. Those 
that return in as a destructive interference will correspond to zeros in the 
control matrix. Through active control, the reflection and transmission 
coefficients at these discontinuities can be altered. This technique is used 
terrestrially in high voltage power transmission systems to prevent reflection at 
sub-stations. If instead both the reflection and transmission coefficients are 
zeroed, all the energy arriving at the discontinuity is absorbed and dissipated 
as heat in the controller electronics. The goal is to expand MIT’s work in two 
ways: 1) zero all reflection and transmission coefficients at the bus-side of an 
isolator leading to the Observatory’s Payload, and 2) extend the bandwidth 
over which this occurs.  SIM offers a broad band reduction in vibrations that 
can be effective where passive isolation (current state of the art) cannot be 
effective (i.e., the pass band of the isolator), and while simplifying the interface 
design between SC and telescope.
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Structural Impedance Matching (SIM)
Example: Wave control for a uniform compression rod

• The governing PDE for the rod is 2nd order in both space and time: !"#!! = 	&"#""
• Assume  a solution of the form: # ', ) = U+#$"
• Substituting into the PDE yields the dispersion relation: −-%!" + /%&" = 0	 and the                                               

wave speed k= " !
"
#/%

• Solution is a linear combination of inward (toward boundary) and outward (away from boundary) propagating waves: 
# ', ) = #&+'#(!)#$" + #%+#(!)#$" = ##* +'#(! + #+," +#(!

• The complex amplitudes  are related to the displacement u and internal force f at the free-end boundary x=0 as follows:         
#
1 = 1 1

3!"- −3!"-
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#+,"

• Closed-loop Wave Control

• The free-end (x=0)  boundary condition is  0 1 (
) = + where F is the applied force

• Upon choosing a control law of the form + = ,(̇ (boundary rate feedback) we find that

#./0 = $#12 = 3"4567
3"4867 #12

• By selecting the control gain c = # $% we null out the closed-loop scattering matrix S and hence null out wave 
reflections at the free-end of the bar

• Note that this impedance matching solution for the rod is equivalent to placing a dashpot of viscous damping coefficient 
c  at the free-end of the bar
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Rod Example Using State-Space Derivation of IMS

• Open loop mobility transfer function (top right)
• Force to axial velocity at free end of C-F compression rod
• De-reverberated mobility (red)

• Gain is constant: 3.23, comparable to !̇#
$

% &' = 3.16

• Disturbance from axial force to velocity at controlled end
• Reverberant xfer function (OL in black, CL in red)
• Poles are critically damped since waves are fully absorbed after 

one circumnavigation of rod
• Zeros are unaltered since those frequencies exhibit no axial 

velocity at controlled end
• Phase is a time delay (non-dispersive) 
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Mobility at free end with 401 point averaging window (red)
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Open (black) and closed (red) loop mobility at free end
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Approach & Results: 

This year’s focus was on i) identifying infusion opportunities, ii) building design 
tools, and iii) building modeling & simulation methodologies for IMS.  Next 
year’s focus will be on designing and implementing IMS using the H-infinity 
technique developed this year on a Telescope

1. Identified infusion opportunities to HWO and telescopes with tight stability 
requirements in general.   

2. Reviewed impedance matching principles. Both a single Degree of freedom 
bar (figure 4) and a 2 degree of freedom bending beam SIM (figures 2a, and 
2b) development was reviewed and completed by the team.        

3. Developed H-infinity methods to develop causal SIM controllers. A SISO 
SIM controller designed through this H-infinity method developed here has 
been completed for the first time and will be extended to a 12dof SIM next 
year.  Figure 3 below shows results of this SISO controller in action.

4. Developed a planar telescope system and associated finite element model.  
This model (figure 4) will be used to test out a 6DOF SIM controller next 
year. This system will be extended to a full three-dimensional design/model 
next year so we can test out the 12DOF H-infinity SIM design.   

Significance/Benefits to JPL and NASA:
NASA has recently stood up the Habitable Worlds Observatory (HWO) Project, 
which will be their next Large Flagship Observatory after James Web and 
Roman Space Telescopes.  HWO’s main instrument is a set of coronagraphs 
requiring wavefront stability in the 10s of picometers! Which is hundreds of 
times more stringent than what these other Telescopes have needed.  The 
work being done here will generate active broad band energy dissipation 
techniques, which together with other efforts (like micro-thrusters for ACS) 
being developed by JPL and other NASA centers, will help achieve the 
unprecedented levels of stability needed by HWO and future telescopes

@ MIT
Figure 1

Figure 2a

Figure 2b

Figure 3
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Built open loop telescope Flight System Model (18 DOF)

Next: Obtain
Closed loop IMS
RST or HWO implementation

Transfer functions: Open Loop versus De-reverberated
Collocated torque to IMS node rotations

Analytical Collocated Open Loop Transfer 
function: Torque to Rotation

Analytical Collocated De-reverberated 
Transfer Function: Torque to Rotation

10-3 10-2 10-1 100 101 102 103

Frequency, Hz

-200

-150

-100

-50

0

Am
pl

itu
de

 in
 d

B:
 2

0*
lo

g1
0(

|H
|)

Transfer function magnitude from 9th node to 9th output node
9th output node
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Transfer function phase from 9th node to 9th output node
9th output node
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9th output node

Need Sys-ID for real on-orbit system

Time Domain Output: Open Loop versus Emulated IMS
Collocated Transverse Force @ IMS node

No-Control:
Primary to Secondary Mirror Inner-Space fluctuations due to 

broad-band transverse force disturbance at IMS node

Emulated IMS Control:
Primary to Secondary Mirror Inner-Space fluctuations due to 

broad-band transverse force disturbance at IMS node
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Telescope PM-SM inner space error due to Flex-Dynamics: 1844 nm RMS

Inner Space Error nm
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Telescope PM-SM inner space error due to Flex-Dynamics: 56.94 nm RMS
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32x reduction in amplitude
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Figure 4

References:
[1] MacMartin, D.G. and Hall, S. R.,”Control of Uncertain Structures Using an 
H-Infinity Power Flow Approach,” AIAA Journal of Guidance, Vol. 14, No. 3, 
June 1991
[2] Boyd S., Balakrishnan, V., “On Computing the H Infinity Norm of a Transfer 
Matrix,” Proc. American Control Conference, Atlanta, Georgia, 1988


